Ab initio and density-functional theory (DFT) calculations have been used to investigate the model rearrangements of quadricyclane to norbornadiene catalysed by single CuSO 4 and SnCl 2 molecules. The isolated reactions with the two molecular catalysts proceed via electron-transfer catalysis in which the hydrocarbon is oxidised, in contrast to systems investigated previously in which the substrate was reduced. The even-electron SnCl 2 -catalysed reaction shows singlet-triplet two-state reactivity. Solvation by a single methanol molecule changes the mechanism of the rearrangement to a classical Lewis acid-base process.
Introduction
The quadricyclane (1) to norbornadiene (2) rearrangement [1] has long been of interest as a prominent example of a thermally forbidden, photochemically allowed exothermic process that can be catalysed by many very different species.
Our interest in this rearrangement is strengthened because it represents a very early example of a holecatalysed [2] reaction. Haselbach et al. [3] first observed that the radical cation generated by ionising quadricyclane in a Freon matrix at 77 K, and later Kelsall and Andrews at 4 K [4] , rearranged spontaneously under their reaction conditions to the norbornadiene radical cation. Later, Turro and Roth [5] were able to show that the quadricyclane radical cation does have a significant lifetime using CIDNP measurements and later time-resolved ESR spectroscopy.
The rearrangement of 1 +• to 2 +• is also of considerable theoretical interest as it served as the ma-0932-0776 / 10 / 0300-0347 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com jor example that led to our current understanding of hole-catalysed reactions in particular and openshell pericyclic transformations in general. Soon after Woodward and Hoffmann's original publication of the "HOMO rule" that governs the stereochemistry of electrocyclic reactions [6] , Longuet-Higgins pointed out [7] that all radical electrocyclic reactions are Woodward-Hoffmann forbidden. However, his conclusion that these reactions should therefore be slow was revised in Haselbach's seminal paper [3] in which he pointed out that the rearrangement of 1 +• to 2 +• can take place via a very low-lying state crossing, rather than through a continuous change characteristic of an allowed reaction. However, Haselbach's treatment of the symmetrical reaction path, in which the two cyclopropane bonds open simultaneously, neglected the Jahn-Teller effect in the transition state. Bischof [8] pointed out that a classical Jahn-Teller situation exists at the crossing point (because at this point the two "crossing" orbitals are degenerate by definition), so that the C 2v structure suggested by Haselbach is a hilltop, rather than a transition state. Later calculations [9] showed the hilltop to have C 2 symmetry. This structure undergoes Jahn-Teller distortion orthogonal to the reaction path to yield two enantiomeric C 1 transition states. We [9] later described full electronic char-acteristics of the reaction and calculated the region of the energetic hypersurface that describes the rearrangement, although the reaction had been the subject of earlier ab initio calculations [10] and continued to attract attention from theoretically oriented groups [11] .
We also pointed out [12] that potentially holecatalysed reactions (and their radical-anion counterparts) can be catalysed by complexation with a redoxactive centre, usually a metal. This electron-transfer catalysis can proceed by either reduction or oxidation of the reacting system and is not necessarily evident in experimental studies because the electron transfer may only occur in the vicinity of the transition state. However, electron-transfer catalysis may be connected with a spin change from low to high spin.
Experimentally, the quadricyclane to norbornadiene rearrangement can be catalysed by many homogeneous and heterogeneous systems. A variety of redox-active homogeneous transition metal-based catalysts [13] , Ag(I) [14] and "naked" Li(I) ions [15] , cytochrome P450 [16] and some novel heterogeneous catalytic systems such as alkali halide colour centres [17] have been reported to catalyse the rearrangement of quadricyclane to norbornadiene. We will, however, concentrate on the homogeneous catalysis by Cu(II) and Sn(II) compounds and salts [18, 19] . Our reasons are twofold. Firstly, catalysis by divalent metal ions should result in oxidation of the rearranging hydrocarbon moiety, whereas the systems that we have investigated until now are catalysed by one-electron reduction of the reacting ligand [20] .Secondly, experimental activation energies are available for the quadricyclane to norbornadiene rearrangement catalysed by SnCl 2 in homogeneous methanol solution [21] and also under a variety of conditions for the fascinating equivalent reaction in which anhydrous CuSO 4 acts as the heterogeneous catalyst [22 -24] .
We now report ab initio and density-functional theory (DFT) calculations on models for the Sn(II)-and Cu(II)-catalysed rearrangement of quadricyclane to norbornadiene. Our aims are to investigate the catalytic mechanism in the light of the known hole-catalysed nature of the reaction. We emphasise that our intent is not to reproduce the experimental systems, but rather to use simplified models to investigate the nature of any electron-transfer catalysis paths and also to judge the factors that may favour alternative, closed-shell mechanisms. We have therefore not performed calculations at definitive levels of theory, but have rather chosen to check consistency by using very different levels of theory (B3LYP, MP2, CCSD and CCSD(T)). In all but one case (3 ‡−• ), the results obtained with the different methods are quite consistent, so that we feel confident that our qualitative conclusions are well founded. As discussed below, the special case of 3 ‡−• is the result of serious spin contamination in the UHF reference wavefunction used for the ab initio post Hartree-Fock calculations.
Results

Qualitative molecular-orbital analysis
Scheme 1 shows the orbitals involved in the rearrangement.
As outlined previously [9] , the radical-cation rearrangement occurs via an avoided crossing that corresponds to a Type A radical electrocyclic reaction, as defined by Bischof [8] , and that of the radical anion to a Type B (Scheme 2). Scheme 1. The four π molecular orbitals of norbornadiene and the four σ and σ * orbitals of quadricyclane with which they correlate. The red arrows represent the orbital occupation in the radical cation and the blue ones the additional electrons in the radical anion. The orbital correlations are shown as dashed lines (colour online). Scheme 2. Schematic diagram of the orbital correlations ion Bischof Type A and B radical electrocyclic reactions [8] . The radical anion of norbornadiene was observed when quadricyclane was reduced in diglyme at −96 K [25] and in methyltetrahydrofuran at 77 K [26] . The radical-anion rearrangement therefore has a low barrier, as would be expected from Scheme 2, which shows that an avoided crossing involving the same oneelectron excitation leads to the barrier in the rearrangement of the radical cation and anion. We would therefore expect from qualitative ideas that the rearrangements of one-electron-oxidised and -reduced quadricyclane should behave similarly.
Radical-cation rearrangement
As pointed out previously [9] , the rearrangement of the quadricyclane radical cation 1 +• (C 2v ) to the norbornadiene radical cation 2 +• (C 2v ) proceeds via one of the two alternative enantiomeric transition states 3 ‡ (C 1 ) The transition states are connected by the secondorder saddle point (hilltop) 4 * (C 2 ). The MP2/6-31G(d) potential hypersurface for this reaction was given in ref. [9] . We have re-optimised the minima and transition states at the CCSD/6-311+G(d,p) level and refined the energies using single-point CCSD(T) calculations with the cc-pVTZ basis set and MP2/6-31G(d) calculated zero-point vibrational energies. The results are shown in Fig. 1 and Table 1 . The Gaussian Archive entries for the calculations on 1 -3 are given in the Supporting Information (available online only; see note at the end of the article).
The general details reported previously [9] are confirmed. The rearrangement is found to be exothermic by −4.8 kcal mol −1 , compared with a value of approx- imately −10 kcal mol −1 derived from the experimental heats of formation and ionisation energies of quadricyclane and norbornadiene [27] . The experimental value is uncertain because of the large error bars for the heat of formation of neutral norbornadiene. The activation energy (0 K) is calculated to be 11.0 kcal mol −1 .
Radical-anion rearrangement
The quadricyclane to norbornadiene radical-anion rearrangement is technically difficult to calculate because of the spin contamination in the unrestricted Hartree-Fock reference wavefunction for the transition state. Normally, DFT would be a solution to this problem, but we have shown for the radical cation that B3LYP does not reproduce the Jahn-Teller effect in the transition state correctly [9] . Table 2 shows the results of calculations at different levels for the radical-anion rearrangement.
The spin contamination in the UHF reference wavefunction for the MP2 calculation has the expected effect that the barrier is found to be higher than a qualitative picture suggests it should be. The ROMP2 and B3LYP barriers are of the order expected, and the barrier is comparable to that found in the radical cation. Perhaps the most striking feature of the results shown in Table 2 is that the anion reaction is probably far more exothermic than that of the cation. This is consistent with the fact that the electron affinity of ethylene is −1.78 eV [28] , compared with an estimated −5.3 eV for cyclopropane [29] . Even [1.1.1]-propellane, with an electron affinity of −2.04 eV [30] is more difficult to reduce than the π bond in ethylene. Thus the rearrangement of the saturated quadricyclane to olefinic norbornadiene should be favoured thermodynamically by one-electron reduction. Fig. 2 shows the UMP2-and B3LYP-optimised geometries for the transition state rearrangement. As found for the radical cation [9] , the UMP2 geometry displays lower symmetry than that found at B3LYP, Table 2 . Relative energies (E rel. , kcal mol −1 , corrected using the unscaled MP2/6-31G(d) zero-point vibrational energies, ZPE) and number of imaginary vibrations (N i ) for the
Total (E tot. , Hartree) and zero-point vibrational energies (ZPE, kcal mol −1 , MP2/6-31G(d) and B3LYP/6-31G(d)) are given in Table S2 of the Supporting Information. which does not reproduce the Jahn-Teller effect properly.
The rearrangement catalysed by a single CuSO 4 molecule
The effect of a single CuSO 4 moiety on the rearrangement was investigated starting from the quadricyclane-CuSO 4 model complex 5, which rearranges via transition state 6 ‡ to give the norbornadieneCuSO 4 complex 7. Table 3 shows the calculated energies for this reaction. The Gaussian Archive files for 5 -7 (Eq. 1) are given in the Supporting Information.
Two geometrical features are especially noteworthy. Firstly, the coordinated sulphate ion rotates by 90
• in the course of the rearrangement. We will discuss this effect below, but point out here that the rotation is a consequence of the 90 • angle between the nodal planes of the singly occupied molecular orbitals (SOMOs) in the radical cations of 1 and 2. The second noteworthy point is the resemblance between the geometry of the C 7 H 8 moiety in 6 ‡ and that of the radical-ion transi- (1) tion state 3 ‡ . Although the bond lengths in the former four-membered ring are quite different (1.520, 1.518, 1.537, and 2.025Å for C 2 -C 3 , C 3 -C 5 , C 5 -C 6 and C 6 -C 1 , respectively in 6 ‡ , compared with 1.415, 1.796, 1.476 and 2.055Å in 3 ‡ , at the B3LYP/6-31G(d) level), both transition states are very unsymmetrical. This is usually indicative of a radical-ion mechanism because of the Jahn-Teller effect in the transition state pointed out by Bischof [8] . The B3LYP activation energy for the rearrangement is only 2.9 kcal mol −1 , compared with 10.6 kcal mol −1 for the radical cation and 9.1 kcal mol −1 for the radical anion at the same level of calculation. However, at the CCSD/6-31G(d) level, the radical cation activation barrier is calculated to be 10.8 kcal mol −1 and that for the CuSO 4 model 16.9 kcal mol −1 (11.5 kcal mol −1 at CCSD(T)/6-31G(d)). However, whereas the UHF reference wavefunctions for 5 and 7 show very little spin contamination, that for 6 ‡ is heavily spin-contaminated ( S 2 = 1.392), so that the CCSD and CCSD(T) barriers are likely to be overestimated. The B3LYP S 2 for 6 ‡ is 0.771. The reaction is found to be far more exothermic (−36.7 kcal mol −1 ) than that of the uncomplexed radical cation (−4.8 kcal mol −1 ) but of similar exothermicity to the rearrangement of the anion (−34.1 kcal mol −1 at B3LYP/6-31+G(d)).
The SnCl 2 -catalysed rearrangement
The SnCl 2 -catalysed rearrangement of quadricyclane to norbornadiene has been observed in homogeneous methanol solution [21] and at the surface of solid SnCl 2 [22 -24] . (2) In contrast to the CuSO 4 -catalysed model reaction, however, that with SnCl 2 has an even number of electrons, so that the possibility of singlet-triplet two-state reactivity arises [20] . The singlet reaction proceeds from a recognisable quadricyclane complex 8 via transition state 9 ‡ to the unsymmetrical norbornadiene complex 10 (Eq. 2). The triplet reaction is a little more complicated (Scheme 3). We were unable to find a minimum for a quadricyclane complex, but rather found two alternative conformations, 11 and 12, of a half-open quadricyclane structure analogous to the transition state of the singlet reaction. The product of the rearrangement is the norbornadiene complex 15, which is connected to 11 by the ring-opening transition state 13 ‡ . 11 and 12 can be interconverted via the transition state 14 ‡ . The energies for 11 -15 are shown in Table 4 .
The SnCl 2 -catalysed reaction is far more exothermic (−26.6 kcal mol −1 ) than that of the uncomplexed radical cation (−4.8 kcal mol −1 ) but slightly less so than the anion rearrangement (−34.1 kcal mol −1 ). The high complexation energy of the norbornadiene would normally lead to product inhibition of the catalytic reaction, but as the experimental results were obtained in methanol solution, solvation of the Lewis-acidic SnCl 2 centre should decrease the product complexation energy. The activation energy is calculated to be higher than that found at B3LYP for the CuSO 4 model, but the agreement between B3LYP, CCSD and CCSD(T) is good. The energetic results are summarised graphically in Fig. 3 , in which the "Reaction Coordinate" axis is intended to be descriptive and to define the nature of the stationary points, rather than any specific geometrical parameter.
As expected from the schematic interpretation of electron-transfer catalysis [20] , the triplet is calculated to be the ground state at the half-open structure that is the rearrangement transition state for the singlet. In this case, however, the triplet is found to be a minimum. This observation is compatible with the fact that radical cations sometimes adopt geometries equivalent to those of the transition state for a pericyclic reaction of the neutral molecule [31] . The transition state 13 ‡ for opening the second bond in the triplet to give the triplet norbornadiene complex 15 lies significantly higher than the singlet transition state 9 ‡ . However, the lowest-energy path involves two inter-system crossings (ISCs) from the singlet to the triplet in the vicinity of the singlet transition state 9 ‡ and the triplet minimum 11.
The SnCl 2 -catalysed rearrangement solvated by methanol
In order to clarify the role of the methanol solvent in the experimental study [21] of the homogeneous catalysis of the quadricyclane to norbornadiene rearrangement, we used a model in which the species 8, 9 ‡ , 10, and 11 are solvated by a methanol molecule to give the three singlet species 16, 17 ‡ and 18, and the triplet 19 (Eq. 3).
The effect of the methanol solvent molecule is to stabilise the singlet transition state 17 ‡ far more (3) strongly than the triplet minimum 19, so that the two are well separated in energy and no state crossing occurs along the reaction coordinate. A further effect of the solvent is to lower the singlet energy barrier to rearrangement from 18.1 kcal mol −1 without methanol to only 6.6 kcal mol −1 when complexed to a single methanol molecule. The heat of reaction (−25.3 kcal mol −1 ) is hardly affected by complexation to methanol (Table 5) . Note, however, that neither the unperturbed reaction nor that with a single methanol molecule can be compared to the experimental system in methanol solution. As emphasised in the introduction, our purpose is to determine mechanistic features and alternatives based on model systems, not to reproduce experimental results.
Discussion Fig. 4 shows the calculated (UB3LYP) spin densities for 5, 6 ‡ , and 7. We use both spin densities and atomic charges, because the latter have been shown [32] not to reveal electron transfer in transition-metal complexes, whereas the calculated spin density gives a detailed and accurate picture of the electronic features of reactants, transition states and products. Table 6 shows the calculated NBO [33, 34] charges for the species described above. As expected, the indicated charge transfer is small. Interestingly, however, it occurs in different directions for the two reactions. In the CuSO 4 -complexed transition state 6 ‡ , 0.13 electrons are transferred to the C 7 H 8 moiety by the metal salt and in its SnCl 2 -complexed counterpart 9 ‡ 0.2 electrons in the opposite direction. The triplet minimum that corresponds to the singlet transition state for the latter reaction, 11, also involves electron transfer from the metal salt to the hydrocarbon (charge on the C 7 H 8 moiety = −0.32). Fig. 4 illustrates the contribution of the relatively small amount of electron-transfer catalysis. In 5 and 7, the spin is slightly delocalised onto the C 7 H 8 moiety, but is mostly centred on the copper atom and the two sulphate oxygens directly complexed to it. The threeelectron interaction [35] between the singly occupied d orbital of the copper atom and the unsymmetrical combination of two Walsh orbitals in 5 and two π orbitals of the double bonds in 7 can be seen clearly and is illustrated in Scheme 4.
This interaction results in the rotation of the C 7 H 8 moiety by 90 • relative to the CuSO 4 unit between the two structures. At the transition state 6 ‡ , 13 % of the spin density has been shifted to the hydrocarbon, indicating some electron-transfer catalysis. This transfer is relatively small, and the strong interaction of the copper atom with C 2 indicates some covalent assistance of the reaction by intermediate formation of a C 2 -Cu bond. Note that the resonance formulation of three-electron bonds [35, 36] is equivalent to the oneelectron reduction of the hydrocarbon by the CuSO 4 unit in which the Cu II ion intervenes between two radical species and can enter into odd-electron bonding with both:
The course of the reaction can thus be described very well as a slight shift of the weights of the two resonance structures from the left to the right as the transition state is approached and back again as the product is formed. The additional covalent participation of the copper atom reduces the B3LYP barrier below that found for the pure radical-cation reaction.
The SnCl 2 -catalysed reaction introduces the possibility of two-state reactivity (TSR) [37] for the rearrangement. In this case, two possible mechanisms, one closed-shell and one involving electron-transfer catalysis and a switch of multiplicity, can be identified. In the absence of solvent, the electron-transfer path via the triplet intermediate 11 is favoured slightly over the closed-shell path via transition state 13 ‡ . The B3LYP calculated spin-density for 13 ‡ is shown in Fig. 5 . In this case, there is considerable spin on the C 7 H 8 moiety, indicating that one electron has been transferred from the hydrocarbon to the SnCl 2 (i. e. in the reverse direction to that found for CuSO 4 ). Thus, 13 ‡ can be described as a spin-separated triplet complex of SnCl 2 −• and C 7 H 8 +• . The closed-shell mechanism via 17 ‡ involves a far more traditional formal two-electron oxidation of the Sn atom in the transition state.
Perhaps not surprisingly, the inclusion of a methanol solvent molecule in the calculations favours the polar, closed-shell mechanism, which at least formally involves a two-electron charge shift, by preferential sol- vation of the tin ion in the transition state 17 ‡ . Thus, the triplet intermediate 18 is no longer competitive in energy with the closed-shell transition state. This sort of situation, in which a reagent can react alternatively as a one-electron oxidant or as a "two-electron" Lewis acid, is common. However, the direct effect of a single methanol molecule on the mechanism in this case is unusually clear. Patrick and Bechtold [21] proposed what our calculations suggest to be the correct mechanism involving a formal Sn(IV) structure in methanol solution. Note once more that neither model reaction should reproduce the experimental activation energy, although the model without methanol gives coincidental agreement with experiment.
Conclusions
The gas-phase calculations show clearly that the quadricyclane to norbornadiene rearrangement can be catalysed by electron transfer from the hydrocarbon to a metal centre. The geometries of the intermediates and transition states, the calculated spin densities and the singlet-triplet two-state reactivity found for the SnCl 2 -catalysed reaction are all consistent with this interpretation. However, inclusion of a single solvent methanol molecule is enough to change the mechanism of the SnCl 2 -catalysed rearrangement to a closed-shell Lewis acid-base process.
Experimental Section
All calculations on isolated species used the program suite GAUSSIAN09 [38] . Geometries were optimised using density functional theory with the Becke-3-Parameter/Lee-Yang-Parr hybrid functional [39, 40] as implemented in GAUSSIAN09, with a second-order Møller-Plesset correction (MP2) [41] for electron correlation based on the UHF wavefunction and with coupled-cluster theory with single and double excitations (CCSD) [42] , also based on the UHF wavefunction. Single-point coupled-cluster calculations with a perturbational correction for triple excitations (CCSD(T)) [43] were performed on the CCSD-optimised geometries. Structures were confirmed as minima, transition states or hilltops by calculating their normal vibrations within the harmonic approximation either at the B3LYP or MP2 levels of theory. The 6-31G(d) [44] , 6-311+G(d,p) [45] and cc-pVTZ [46] basis sets were used. For the "6-31G(d)" calculations on Sn-containing species, the Schaefer-Horn-Ahlrichs splitvalence basis set [47] with additional polarisation functions was used for Sn as there is no 6-31G(d) basis set for this element.
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